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Abstract

The fastcodeHOMDYN has been recentlgeveloped, in
the framework of the TTF (TESLA Test Facility)

collaboration, inorder to study the beam dynamics of

linacs delivering high brightness beams as thasseded
for short wavelength FEL experiments. These linacs
typically driven by radio-frequencyphoto-injectors,where

correlatedtime dependenspace charge effects are of grea

relevance: these effects cannot be studiedtagdard beam
optics codes (TRACES3D, etc.) and they have been
modeled so far byneans of multi-particle (PIC oguasi-
static) codes requiring heavy cpu time and memory
allocations. HOMDYN is able todescribe the beam
generation at the photo-cathodand the emittance
compensation process in the injector evenning on a

laptop with very modest running times (less than 0
minute). In this paper we show how this capability of t
code isexploited so to model a whole linac up to the

point where the space charge dominateggime is of
relevance (200 MeV).

1 GENERAL CRITERIA FOR
OPTIMIZATION OF A PHOTO-INJECTOR

The art of designing optimized RF Photo-Injectcapable
to deliver high brightness electron beams hasved in
the last decade from a cut and try procedguoied byrule

of the thumb guessemdgoing through time consuming

simulations, up to a fagtarameter spacgcanningguided

which is a generalization of Brillouin flow for an
acceleratedbeam. In thiscasethe beamundergoescold
plasma oscillations, i.e. thepace chargeollective force
is largely dominant over the emittance pressueere the
betatron motion(trajectory cross-over) isalmost absent
8minar flow) and the frequency of the plasosxillations
ue to mismatches between tmace charge forand the
xternal focusinggradient is tofirst order independent on
ﬁw current. It is such a frequenicylependencéhat brings
to reversible normalized emittance  oscillations:
acceleratinghe beam through the invariant envelgpst

makes these oscillations damped like the square root of the

beam energy, bringing theormalized emittance at the
injector exitdown to a steadgtate minimum when the
oscillations are properly tuned.

he laminar behavior of an electron beanclhgracterized
hléy the laminarity parameter
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which is defined in terms of the beaawerageenergy y ,
the peak current| (I, =17 kA) , the accelerating

gradienty’ =€E,__/mc® , the Larmorfrequency of the
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normalized thermal emittanc&, , . The beam isaid to

solenoid focusingfield Q = and the rms

by the analytical results of the theoretical model Qg |3minar whenever

laminar beams [1]achieved bymeans of a fast running
code based on multi-beam multi-envelope description of

the beam dynamics. By thiechnique it ispossible to

study the time dependent space charge problem inheren

the beam dynamics ofuch devices, so toreach the
optimum operating point whichorresponds tanaximum

beam brightness.

The code HOMDYN [2] is actually tailored to describe,
within a multi-envelope multi-beam frame, thspace

charge dominated dynamics laiminar beams irpresence
of correlated, ortime dependentspace charge forces
becauseit's not a multi-particle code, but a multi-

envelope one, theode behaves like any beam transpo

>> 1, which occurs from thehoto-cathodeurface

up to energies even in excess of 100 MeV leams
arrying about 100 A of peak current.

& time dependence ofhe space charge field effects is

expressed through the geometrical fac@ﬂf) , which is

a function of the longitudinal position in thelectron
bunch (the so-called slice position), defined as

{=z-[ct+z,
Wheneverthe geometrical factong(Z ) has a significant

variation along the bunch, we obtain a bepemveance
ferm in the rms envelope equation, which stice-

codelike TRACE-3D or TRANSPORT, giving rise to dependent, therefore we are in presencémé (or slice)

very fast modeling capability for photo-injectors.
It hasbeen bynow understoodhat the optimization of a
photo-injector corresponds to acceleratamgl propagating

the beam through th@evice asclose as possible to two

beam equilibrium, a laminar Brillouin flow (idrifts) and

dependeneffects. In the case of a cylindricalinch we
have for instance
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the so-calledinvariant envelope (in accelerating sections)
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showing that when the bunch aspect rgie R/ L is

not much smaller than 1 thdependence orhe slice
coordinate can be quite relevant.
It has been shown that the rnmojected normalized

emittance £, = p\§<xz><x'2> —(xx')? oscillates with

a frequency at an amplitude

Ag, O Lyg>,\\gz>/<g>2— 1 whenever abunched

beam (i.e. g(Z);tl) is rms matchedinto a focusing
channel of gradientK, , i.e. on a Brillouin flow

equilibrium UB(Z) = \/%

beam spot size, eventually slickependent). Accelerating

(g)-i\/T(Z)

_y’ =

(where 0 is the rms

on the invariant enveloped;,,

3loy

which is a particular exadolution of the rmsenvelope
equation in the laminar flow regime, brings thmittance
to damped oscillations. The basic point in thesign of a

field. In the drifting tubedownstreamthe gun the rms

emittance reach a first minimum (0.9 mm mrad)
corresponding to the minimuro'€0) enveloped, = 1.18
mm) at z=1.2 m from theathode, wherg¢he booster is
placed,(Fig. 1).
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Figure 1: Beam envelope and rmarmalizedemittance in
the gun and drift up to the booster entrance.
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To match the booster cavity (9 cells 1.3 GHz

superconducting cavity) to the beam we use the previous

criteria to compute thaccelerating fielcheeded. Itresults

photoinjector istherefore tomatch properly the beam atto be 10 MV/m with 1=40 A ang = 10.

injection into anyacceleratingsection,according to these
criteria:

A

o' = 0 ,implying a laminar waist at injection

=— | , i.e. an rms match on the inv. env.

Thesealso requiresthat focusing elements idrifts be
spaced close to one quarter of plasma oscillation

Any |2
5

wavelength, given by | =

I

2 APPLICATION TO THE TTF-FEL LINAC

In this section we study how to implemenihese
matching criteria into the actual designtbé TTF linac.
up to theend ofthe secondcryomodule, corresponding to
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Figure 2: Beam envelope and rmsrmalizedemittance in
the booster and drift up to the cryomodule 1 entrance.
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Downstream the booster the rms emittarezch asecond
minimum (0.8 mmmrad) inthe drift and atthe booster
exit (z=2.4 m) the beam envelopg € 0.35 mm) isstill

parallel to the z-axis witty = 35. In theideal case, as
discussed in[3], the envelope should ballowed to
perform small oscillationsaroundthe equilibrium value

abeam energy of 200 MeV. A previous analysis [3] Wagached inthe boostemndsmoothly transported to match
devoted to agenerallay-out for the linac with complete the conditiono’=0 at the entrance of the firstyo-module.

degree of freedom in thgpacing of focusing elements andThe situation is here complicated bythe technical

acceleratingsections (i.e. the cryostats containing 8 S€onstrains of thalrift section,foreseen tchouse focusing
acceleratingcavities, eachwith 9 cells working at 1.3 elements (onequadrupole doublet and two triplets),

GHz). In the following we willcomparethose results to diagn(_)sticstationsand achicanecompressor. Inaddition

the best onecan dowith the actual lay-out neglecting Py usingquadrupoles asocusing elements thenvelope

compressor magnets, not yet implemented in to the cod@nd the emittance oscillationare split in the x and y

The 1 nC beam igenerated irone and half cells RF-gun planes, resulting in difficult task to match botlplanes

operating at 1.3GHz with 40 MV/m peak field on the (© the cryo-module.

cathode, by a 8 ps (sigma) long laser pulse with 1.5 mm

radius. The gun iembedded in ®.11 T split solenoid
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Figure 3: Beam envelope and rmarmalizedemittance in
cryomodule 1 and drift up to the cryomodule 2 entrance.

The best solution wefound results to be the less
perturbing to the cylindricadymmetry of the beartFig.
2). We allowed indeedthe envelope taliverge up too, =
1.75 mm with lowquadruolesgradients sathat to keep
the emittance oscillation in phase in both planes up to the
entrance of the first cryomodule (z=111). The beam is
there boostedvith 11 MV/m accelerating field, a low
gradient is chosen to avoid ovdocussing in the
acceleratingsection. Emittance oscillationare damped
during acceleration around 2 mm mrad (Fig. 3).

With the samecarethe beam igransported tahe second
cryomodulethrough aquadrupolefocusing channel and
boosted up t®00 MeV in thesecond cryomoduléFig.
4).
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Figure 4: Beam envelope and rmarmalizedemittance in
cryomodule 2 and drift.

4 CONCLUSIONS

By joining the analytical predictionsand optimizing
criteria produced bythe theory of intense relativistic
laminar beams with the powerful capability of the new
codeHOMDYN to model afull photoinjector up to full
scale energy (200 MeV) in very short cpu times (minutes
on a laptop), the optimization of a nedesign or the
searchfor the optimum operating point of presentlay-

out can be accomplished quickBnd easily. Webelieve
that the general design of future injectors will benfedin
such a new user-friend procedure.
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